The human genome is replete with repetitive DNA sequences that can fold into thermodynamically stable secondary structures such as hairpins and quadruplexes. Cellular enzymes exist to cope with these structures whose stable accumulation would result in DNA damage through interference with DNA transactions such as transcription and replication. Therefore, chemical stabilization of secondary DNA structures offers an attractive way to foster DNA transaction-associated damages to trigger cell death in proliferating cancer cells. While much emphasis has been recently given to DNA quadruplexes, we focused here on three-way DNA junctions (TWJ) and report on a strategy to identify TWJ-targeting agents through a combination of in vitro techniques (TWJ-Screen, PAGE, FRET-melting, ESI-MS, dialysis equilibrium and SRB assays). We designed a complete workflow and screened 1200 compounds to identify promising TWJ-ligands selected on stringent criteria in terms of TWJ folding ability, affinity and selectivity. 2 Introduction.
Interaction with FAM label: "-" for NFI [S1+ligand] <10%, "+" for NFI [S1+ligand] = 10-30%, "++" for NFI [S1+ligand] = 30-50%, "+++" for NFI [S1+ligand] = 50-100%, "++++" for NFI [S1+ligand] >100%. c Qualitative PAGE analysis:
"nc" for non-conclusive, "-" for no detectable TWJ/ligand complex, "+" for detectable TWJ/ligand complex. d Selectivity determined by FRET: "-" for FRET S <50%, "+" for FRET S = 50-80%, "+++" for FRET S >80%. e "n.d." for not determined (DT 1/2 <5 °C).
An improved version of the TWJ-Screen assay. The TWJ-Screen assay allows for quantifying the TWJ-folding ability of chemical compounds in HTS manner. 19 This method is based on the ligandpromoted formation of a TWJ structure from a mixture of the three separated strands, two of them being labeled with fluorophores (one with fluorescein amidite, or FAM, the other one with tetramethylrhodamine, or TAMRA). The ligand-promoted TWJ formation results in the FAM and 6 TAMRA fluorophore being in proximity resulting in the quenching of FAM fluorescence that represents a quantitative measurement of TWJ formation. The TWJ-Screen protocol was slightly adapted to screen wider chemical libraries: the initial protocol was performed at room temperature (that is, in a 20-25 °C range), making the temperature the only parameter left uncontrolled. For improving its reproducibility, the TWJ-screen was here implemented at a fixed temperature of 37 °C. This higher temperature was selected since it allowed for a/ improving the reproducibility of the assay, lessening the unassisted assembly of the three separated strands into a TWJ structure (vide infra), and b/ selecting candidates in a more stringent manner, given that they have to fold and interact with TWJ in less favorable thermal conditions. We screened approximately 60 candidates/day, using the initially were introduced (except in control wells, vide infra), as triplicates. The microplate preparation is completed with 6 control wells, i.e., 3 wells with FAM-TWJ-S1 alone (to define the 100% FAM emission) and 3 wells with the 3 separated strands (a mixture termed « M », to verify the lack of spontaneous TWJ folding. The microplate is centrifuged (30 s), then gently stirred for 1 h at 37 °C prior to fluorescence reading. The proficiency of candidates to shift the equilibrium towards the folded TWJ is quantified by comparing the normalized FAM intensity (NFI) of FAM-TWJ-S1 alone (defined as 100%)
with that of [FAM-TWJ-S1+ligand] (for discarding unwarranted compound's interaction with S1) on one hand, and the NFI of the mixture M vs.
[M+ligand] (that quantifies the TWJ folding per se) on the other hand. Collected results are shown in Figure 1B and and very strong interaction with FAM label (flagged as "-"in Table 1 ; e.g.,
545
, with NFI M-[M+ligand] = 86% and NFI [FAM-TWJ-S1+ligand] = 8%). The TWJ-Screen assay thus allowed for sorting molecules in a very stringent manner. The chemical structures of the 15 candidates are shown in Figure 1C . It is unsurprising to find previously identified hits, 18, 19 including the azacyclophanes 1,5-BisNP-O (451), 2,7-BisA-O (459), 2,7-BisNP-N (460), and 4,5-BisA-O (473) and the azacryptand 3,3'-TrisBP (471), 32 and the metallacages Cube-DONQ (444) and Prism-DONQ (448). 33 We also identified new candidates (all from ICMUB library) that all display well-defined molecular shapes and volumes:
the ruthenium trisdiimine complex NQ418 (439); two new triptycene derivatives XX-67 (543) and XX-32 (544), whose synthesis will be described elsewhere (A. Granzhan et al.) , structurally close to the compounds previously studied by D. Chenoweth and coworkers; 25, 26 and a newly reported organometallic cage Rec-(AN)-DONQ (562). 34 Classical DNA intercalators are also identified, notably two porphyrins, TMPyP4 (545) 35 and TEGPy (546), 36 and two cationic pyrene derivatives, AZ03 (414) and AZ04 (415), 37 owing to their innate ability to interact with negatively charged nucleic acids.
Confirming the TWJ-folding capability via non-denaturing PAGE analyses. To further investigate the intrinsic quality of the 15 identified candidates, their TWJ-folding capabilities were subsequently investigated by non-denaturing PAGE analysis, according to the methodology described by V. Brabec et al. 22 We used the same TWJ-forming strands, TWJ-S1, TWJ-S2 and TWJ-S3 (without fluorescent labels). The obtained gels (15% polyacrylamide, 5 µM DNA loading/well), presented in Figure 2A , offered a straightforward-but qualitative-reading of the TWJ folding ability of the candidates, visualized by the difference of migration between the TWJ-S1 alone and the mixture of strands M (lower dashed rectangle) and the folded TWJ/ligand complexes, which migrate significantly more 8 slowly (upper dashed rectangle). Five compounds were found efficient in these conditions (red arrows), i.e., 444, 448, 451, 460 and 471; four compounds lead to smeared band (green arrows), i.e., 459, 473, 545 and 546, thus making conclusion hard to draw solely on the PAGE basis; and six compounds were found inactive (yellow arrows), i.e., 414, 415, 439, 543, 544 and 562. Given that PAGE conditions are known to be challenging for non-covalent assemblies, these results underline the good TWJ-interacting properties of the 5 most efficient compounds. Investigating the TWJ-interacting properties via FRET-melting assay. We also assessed whether the 15 identified ligands interact with a pre-folded TWJ structure. To this end, their ability to stabilize folded DNA junctions against thermal denaturation was evaluated by FRET-melting assay, using the
TAMRA, or F-TWJ-T). 35 Table 1 ). The DT 1/2 values for the 15 selected compounds are reported in Figure 2B : only 7 of these candidates (448, 451, 459, 471, 473, 545 and 546) imparted a significant stability (DT 1/2 >10 °C, Table 1 ). Compounds 444 and 460, yet the most promising candidates by PAGE, would have been discarded on the FRET-melting result basis (DT 1/2 = 4.9 and 4.2 °C, respectively); conversely, 459, the most efficient TWJ-stabilizer here, lead to debatable PAGE results:
this discrepancy illustrated that TWJ-Screen and FRET-melting assays monitored 2 different processes (TWJ-folding on one hand, stabilization of folded TWJ in the other hand), thus making these two tests complementary.
The TWJ-interacting properties of these 7 candidates were further investigated via competitive Figure 2C and Table 1 indicate that 3 compounds only are both good stabilizers (DT 1/2 >10 °C) and selective ( FRET S 10 >80%), i.e., the azacyclophanes 451 and 459 and the azacryptand 471, making them the most promising ligands identified through this 3-step selection process. Finally, these results also discarded the two porphyrins (545 and 546) as false positives, owing to their low selectivity ( FRET S = 35 and 36%, respectively), which makes them prone to interact with nucleic acids whatever their secondary structures.
Of note, the exquisite selectivity of 471 ( FRET S = 91%, Table 1 ) was further investigated via a competitive PAGE analysis performed with an excess (2, 9 and 18 mol. equiv.) of duplex-DNA (here ds12, comprised of two self-complementary strands ss12 d[ 5' CGCGA 2 T 2 CGCG 3' ]). Results seen in Figure   2E confirmed that the TWJ folding capability of 471 withstands the presence of competitive duplexes, thereby further demonstrating its selectivity for DNA junctions.
Collectively, these results highlight the necessity of performing TWJ-Screen, PAGE and FRET-melting evaluations in a stepwise manner to identify promising ligands on a reliable basis. In the present case, Quantifying the ligand/TWJ DNA association by ESI-MS and equilibrium dialysis analyses. We next investigated further the TWJ-interacting properties of 451, 459 and 471 via electrospray ionization mass spectrometry (ESI-MS). This technique provides a unique opportunity to directly access both the equilibrium affinity constants (K) and the stoichiometry of the ligand/DNA association, as already documented with duplex-and quadruplex-DNA, 38 but not yet applied to DNA junctions. Investigations were here performed with both the pre-folded TWJ used for FRET-melting investigations (without fluorescent labels), and the duplex- 451 and 459 showed that the major species is the 1:1 TWJ/ligand complexes as well, along with traces of free DNA and 2:1 complexes, and highlighted also weak and random interactions with ds17 (since 1:1, 2:1 and 3:1 complexes could be detected). To further characterize and quantify these interactions, we calculated the equilibrium association constants ( Table 2) : 39 K values confirmed the high affinity of 451, 459 and 471 for TWJ (K between 3.9x10 6 and 1.9x10 9 M -1 ) along with their excellent selectivity over duplex-DNA (>2-log difference). We next decided to confirm these results by an alternative technique, performed in solution, and selected the equilibrium dialysis (or competition dialysis) that has been already applied to a wide 12 variety of DNA structures (single-stranded and double-stranded-DNA, triplex-and quadruplex-DNA), 40 but not to DNA junctions. In this experiment, both TWJ and ds17, isolated from the main solution in semi-permeable chambers (200 µL at 75 µM, expressed in base-pairs) were dialyzed against solution of ligands (200 mL at 2 µM). After equilibration (24 h, 25 °C), the amount of ligand bound to each structure is quantified by fluorescence titration of the content of the dialysis chambers, after leaking the ligand by 1% sodium dodecyl sulfate SDS treatments (versus a quantification of the ligand remaining in the dialysis solution). Results presented in Figure 3B showed the preferred fixation of the ligands onto TWJ, but also emphasized the better selectivity of 471 as compared to 451 and 459. Again, we quantified these interactions through the calculations of the apparent affinity constant K app (Table   2 ): 40 they confirmed the high affinity of 451, 459 and 471 for TWJ (K app between 6.0x10 6 Figure S4 ). 43 To this end, cells were 13 incubated for 72 h at 37 °C in DMEM without or with ligand, prior to fixation with a solution of trichloroacetic acid 10% (1 h at 4 °C). After supernatant removal, a solution of SRB (0.2% in 1% acetic acid) was added for 30 min before being washed (acetic acid 1%) and dried. A solution of Tris base (10 mM) was then added to allow for optical density reading (at 530 nm) to assess cell viability and determine the lethal dose (LD 50 , the concentration at which 50% of the cell growth inhibition is reached). The results ( Figure 3C and Table 2 ) showed that the cellular activity stood in the same range for both cells lines, with a higher inhibition properties for 451 (with LD 50 = 0.10 and 0.16 µM for MCF7 and MDA-MB-231, respectively), then for 471 (LD 50 = 1.30 and 1.30 µM) and for 459 (LD 50 = 4.80 and 2.80 µM). In these conditions, 451 displayed a higher activity than camptothecin (with LD 50 = 1.70 and 1.40 µM), which is here found comparable to 471. For sake of comparison, we also performed SRB investigations with normal fibroblasts (BJ-hTERT), as models of healthy cells. 44 As seen in Table 2 , only 471 was found less toxic in BJ-hTERT than in cancer cells (2-fold difference, with LD 50 = 1.30 and 2.60 µM for cancer cells and BJ-hTERT, respectively), making it the most promising compound from that series of ligands. To gain insights into the capacity of 471 to trigger DNA damage, we performed preliminary immunodetection studies using an antibody raised against the phosphorylated histone H2AX (so called gH2AX), an established marker of DNA damage. 45 The pilot study was carried out with 14 MCF7 treated with 471 and camptothecin as control. Collected images seen in Figure S5 confirmed that the ligands triggered a marked accumulation of gH2AX foci. These preliminary data thus provide an encouraging sign for the future of this new class of non-canonical DNA structure-targeting ligands as DNA damaging agents, and efforts are now invested to establish a firm link between cellular TWJ interaction and DNA damage.
Conclusion.
Compared to normal cells, cancer cells harbor a flawed repertoire of DNA damages signaling and repair capabilities, collectively known as DNA damage response, or DDR. [1] [2] [3] [4] [5] [6] Three main aspects of DDR differ from cancer to healthy cells: i-the loss of one or more DDR pathways, ii-an increased level of replicative stress and iii-endogenous DNA damages. 46 These aspects thus provide a window of therapeutic opportunities for compounds that trigger or exacerbate cellular crisis states. Our approach is here focused on compounds that stabilize three-way DNA junctions (TWJ), given that these higherorder DNA structures represent topological hindrances to polymerase that can hamper proper DNA transactions (replication, transcription). 9 The TWJ-ligands could thus represent a novel and promising class of crisis-inducing agents.
To identify promising TWJ-ligands, we developed and report here on a validation framework that comprises 6 complementary in vitro assays: 1-the TWJ-Screen assay, which allowed for evaluating the ability to promote the TWJ folding of 1200 compounds; 2-a PAGE analysis, which confirms the TWJfolding ability of the 15 identified candidates in more stringent conditions; 3-the FRET-melting assay, which provide insights into both the TWJ-stabilizing properties and selectivity of the identified candidates; 4-an ESI-MS investigations, which further studied TWJ-selectivity and gives access to a quantification (affinity constants, K a ) of the ligand/DNA association; 5-the equilibrium dialysis, which provides an alternative quantification of the ligand/DNA binding parameters; and 6-the SRB test, which assesses the antiproliferative activity of identified TWJ-ligands against human breast cancer cells (MCF7 and MDA-MB-231). 15 Collectively, the wealth of data collected in the course of this study highlights the strength of our methodology to uncover TWJ-ligands, with the identification of 3 promising compounds here, i.e., 451, 459 and 471, whose properties make them ideally suited to be used as prototype ligands throughout the validation chain. Exploring their use as anticancer agents will require to decipher the mechanisms underlying their antiproliferative properties. Also, our results highlight the need for screening wider chemical libraries to uncover ever more efficient TWJ-ligands and we are convinced that the framework described here is an ideal toolbox to do so. Importantly, libraries to be tested must not be focused on drug-like compounds or small-molecules only (like the Pathogen Box® or the CNE) but must include chemicals with defined shapes and volumes, given that it appears to be a major determinant of efficient TWJ-ligands. Indeed, thanks to the pioneering investigations of M. J. Hannon and coworkers performed with iron supramolecular cylinders, [20] [21] [22] [23] [24] we known that the privileged binding site for compounds within the TWJ structure is the branch point, a cavity that results from the convergence of 
]-TWJ d[
5'
A(CT) 2 (TC) 2 G-T 6 -C(GA) 2 GCGAC-T 6 -GTCGC(AG) 2 T Oligonucleotides. The lyophilized DNA sequences (Table 3) , purchased from Eurogentec TM (Seraing, Belgium) were firstly diluted at 500 μM in deionized water (18.2 MΩ.cm resistivity). The actual concentration of each DNA solution was determined after a dilution to 1 μM theoretical concentration through UV spectral analysis at 260 nm (after 5 min at 90 °C) with the molar extinction coefficient values provided by the manufacturer. Separated strands (FAM-TWJ-S1, TWJ-S1, TWJ-S2, TWJ-S3-TAMRA and TWJ-S3) were subsequently diluted in a CacoK buffer (10 mM lithium cacodylate buffer were performed according to a similar protocol but including FAM-TWJ-S1 (instead of the unlabeled TWJ-S1). 15 µL of following solutions were prepared: ds12 alone ( 21 transduction, except that the growth medium was a 4:1 mixture of DMEM and M199 medium supplemented with 15% FBS and Pen-Strep. Cells were subcultured twice a week using a standard protocol: the medium was first removed by aspiration; the cells were subsequently washed once with Dulbecco's Phosphate Buffered Saline (DPBS) and 1.5 mL of a trypsin solution (0.25%, Gibco) was added. After 5min at 37 °C, cells were manually harvested and 500 µL of the solution of cells in suspension was dispensed into three cell culture flasks containing 10 mL of DMEM medium (with 10% FBS and 1% Pen-Strep).
Cell proliferation SRB assay. The antiproliferative properties of the ligands were assessed through the sulforhodamine-B (SRB) assay, according to the protocols described by V. Vichai & K. Kirtikara and P. Skehan et al. 41, 42 Cells were seeded in a 96-well plate (6000 cells/well) in 160 µL of growth medium for 24 h at 37 °C. Then, 40 μL of ligand solution were added to reach the final concentration of the ligands between 500 and 0.05 μM or 50 and 0.005 μM and incubated for 72 h at 37 °C. After 72 h, the media was removed and the cells fixed with a solution of trichloroacetic acid 10% (150 µL, 1 h at 4 °C).
The supernatant was removed, the fixed cells were washed with water and then dried. A solution 100
μL of SRB (0.2% in 1% acetic acid) was added into each well (except control wells); after 30 min, the supernatant was removed, the wells were washed 3 times with 150 µL of acetic acid (1%) and dried.
After that, 150 µL of Tris base (10 mM) were added in each well and the microplate gently stirred for 5 min at 25 °C. Optical density (OD) values were determined at 530 nm. Final data were analyzed with Excel (Microsoft Corp.) and GraphPad7.0 (Prism software): the OD 530nm was normalized (from 0 to 100; 0 for ligand untreated, SRB unstained cells and 100 for ligand untreated, SRB stained cells), and LD 50 (lethal dose, defined as the concentration at which 50% of the cell growth inhibition is reached) determined for a normalized OD 530nm of 50%; reported LD 50 values are means of 3 experiments.
